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Surface freezing was studied in dry and hydrated octadecanol:tetradecap@iH(C,,OH)
mixtures, using surface tension and synchrotron x-ray surface diffraction techniques. Even small
amounts of admixed gOH were found to induce surface freezing in,GH, which does not
exhibit this effect when pure. The phase diagram of the bulk was measured by calorimetry and bulk
x-ray diffraction. Upon increasing the bulk mole fraction ofOH () a sharp increase in the bulk
supercooling occurs at~0.4 in dry mixtures, while no supercooling was observed for the hydrated
mixtures. A simple thermodynamical model based on the theory of s-regular mixtures is shown to
account well for the dependence of the surface freezing onset temperature of both dry and hydrated
mixtures, and the hydrated bulk’s freezing temperaturg>o®nly a phenomenological description
exists for the dry bulk’s phase diagram. This study is expected to provide a baseline for the general
surface and bulk behavior of long-chain alcohol mixtures. 2@2 American Institute of Physics.
[DOI: 10.1063/1.1465401

I. INTRODUCTION drogen bonds between the adjacent molecules from the upper

Normal alcohols are the simplest of the L~:ubstitutedand lower monolayers comprising the _biIathrSF oceurs in
hydrocarbons. Having the molecular structurealcomls of Ien_gths 18n=<28, but, unlike in alkanes, on_Iy
CHs(CH,),,_;OH (denoted GOH in the following they are moleculgs having an even number of carbons ghow this gf-
almost identical with normal-alkand<CH;(CH,),,_ ,CHs], fect. Th|s qdd—even effecF may be related tq differences in
the only difference being the exchangeaoH on onetermi- the orientation of the terminal OH group relative to the mo-
nal methyl group by a hydroxyl OH group. However, this lecular axis, which renders the formation of hydrogen bonds
small change breaks the inversion symmetry between thenfavorable in odd alcohofsOne attempt to explain the oc-
two ends of the molecule and renders it slightly polar. Morecurrence of surface freezing in pure alkanes employed the
importantly, it modifies the molecular interactions by allow- €ntropic stabilization of the surface layer by thermal fluctua-
ing the formation of hydrogen bonds between adjacent moltions of the surface molecules along their long axes, which
ecules through their hydroxyl groups, while alkanes interacfor bulk molecules are suppressed by neighboring laf/rs.
solely by vdW forces. Both monocomponent alkane and al- Another explanation assigned it to a wetting effect of the
cohol melts were found to exhibit surface freezii®p), i.e.,  liquid layer by a solid monolayer due to a favorable surface
the formation, by a first order transition, of an hexagonallyenergy balance established, over a certain temperature range,
packed, quasi-2D solid layer at the liquid—vapor interface aamong the temperature-dependent entropic terms of the vari-
a temperaturd s several degrees above their bulk freezing,ous surface energies involvédror alcohols, a small but
T;.%° The surface-frozen layer in alkanes is a single mol-non-negligible contribution is also obtained from the hydro-
ecule thick, while in alcohols it is a bilayer, with the OH gen bonding® For long molecules it has been argued that the
groups residing at the center of the bilayer and forming hy-entropic reduction of the free energy, due to positional fluc-
tuations along the axis and rotational disorder of the molecu-
apresent address: Gordon McKay Lab, Division of Applied Sciences, Harlar planes, is large enough to stabilize the surface frozen
vard University, Cambridge, Massachusetts 02138. layer. However, as goes below 16, the reduction in the free

Ypresent address: Continental AG, Jaedekamp 30, D-30419 Hannoveé,nergy becomes too small to stabilize the surface frozen
Germany.

9Author to whom correspondence should be addressed. Electronic mai'.aye_r with respect to the liquid surface phase, and_ the SF
deutsch@mail.biu.ac.il vanishes. The present study shows, among other things, that
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adding even a small amount of, §OH to the bulk phase of surement of the linear expansion coefficient of the surface

C,,OH induces SF in the short,@OH molecules. As previ- frozen layer. Calorimetric studies were performed to study

ous studies show,it is reasonable to assume that, in generalthe phase diagram of the bulk in thermodynamical equilib-

by mixing molecules of two different lengths it is possible to rium and under kinetic constraints. The bulk phase diagram

reach regions in phase space where the temperature ranges/\6¥s also studied by x-ray powder diffraction for two selected

existenc@T:|Ts_Tf| are nonzero, and |arger than those Ofdry bulk miXtUreS, revealing a Signiﬁcant reduction in the

the pure components. Moreover, new phases and transitioigability of the bulk rotator phase with respect to the liquid as

between them can be discovered by varying the molar corcompared to the low-temperature crystalline bulk phase.

centration(¢) of the mixtures and the temperatuf®).'>*3

The importance of understanding the behavior of alkane an expERIMENT

alcohol mixtures is further enhanced by the fact that in most

“real-world” situations the alkanes and alcohols do not exist ~ The structure of the SF bilayer was studied by’X&nd

as pure materials, but as mixtures. Thus, the investigation g¥razing incidence diffractich(GID). The surface thermody-

mixtures and their surface behavior has important implicahamics were studied using surface ten$i¢8T) measure-

tions not only for basic science, but also for applied sciencénents. The bulk phase diagram was studied by calorirfietry

and industry. (Cal) and x-ray powder diffractioi??3(XD) techniques. The
We have chosen to study thg OH and GgOH alcohols gxperimental methods are well . documented in the

because their chain lengths are close enough to form a solliterature*** Only a brief summary will be given here, con-

tion in the solid state, yet different enough to be clearlycentrating mostly on features peculiar to this study.

distinguishable by x-ray reflectivityXR) measurements and

by thermodynamical techniques. The surface behavior of

mixtures is almost always more complicated than that of thé" Samples

bulk, because of phenomena like prewetting, surface enrich- Materials, purchased from Aldrich and Fluka were
ment and surface layeriri§.In this study, the theoretical =97% and=99% pure for G,OH and GgOH, respectively,
description of the surface behavior turned out to be simpleand used as obtained. The mixtures were prepared by weigh-
than that of the bulk, since in the bulk the existence of ki-ing the required amounts for a total volume of 0.3%d@®7),

netic barriers for phase formation renders the dry bulk be.7 cn? (XR and GID), 0.5 cn? (Cal), and 5< 10~ * cm®
havior very complicated from a theoretical point of view. (XD), heating them well above the melting point ofsOH,
Because of the reduced dimensionality at the surface and thand stirring vigorously on a hotplate with a magnetic stirrer
possibility of molecular exchange between the surface anébr >15 min. The XD samples, measured directly into thin-
the bulk phases, no kinetic barriers exist for the formation ofwalled standard x-ray glass capillaries, were not stirred, but
the surface-frozen phase in alkanes and alcohtt$°A sig-  rather left at a temperature 10 °C above the melting point
nificant increase in the temperature range of SF was obef C;gOH for several hours prior to measurements, to allow
served for alcohol surfaces residing in a saturated water véder good mixing. For the ST and XR experiments on hy-
por atmospherédenoted hereafter as “hydrated” or “wet” drated alcohols a ring shaped water trough with 2—38 ofn
mixtureg, as compared to those residing in a dry atmospherevater surrounded the alcohol container residing inside the
(denoted “dry” mixtures.>*® Water intercalation into the sample cell. This generated a saturated water vapor atmo-
center of the SF bilayer varies the hydrogen bonding, andphere in the cell. Thus, the sample was hydrated by absorb-
imparts an increased stability to the SF bilayer. Due to aring water from the vapor. A complete restitution of all prop-
anomalous increase in water solubility in the solid rotatorerties measured on the dry sample was observed upon drying
phase as compared to the liquid phase, the hydrated alcohad$ the hydrated samples.

solidify at higher temperatures than the dry ones, both at the

surfac@ and in the bulk’ However, the temperature shifts
relative to the dry case are not equal for the bulk and th
surface, rendering the existence rangk$ significantly The ST measurements were performed by the Wilhelmy
larger than those in the dry samples. We also find that hydraplate method;**?*using filter paper plates to enhance wet-
tion causes bulk supercooling to disappear. The theory dfing by the samplé® The computer-controlled experimental
s-regular binary mixturé&®is used here to account for the setup, including the sample cell, is described in detail in
behavior ofT¢4(¢) in hydrated and dry samples, with only a Refs. 2, 4. The ST was measured in discrete temperature
single fitting parameter: the repulsion energy betweg®8  steps of 0.05 °C, staying at each temperature step for 30 s.
and GgOH. The results are further supported by theThis yields an effective scan rate of 0.1 °C/min. Slower scan
¢-variation of the thickness of the surface frozen laykr, rates, and changing the scan direction, did not alter the re-
derived from the XR measurements. The same theory acsults, provided that bulk freezing was not reached. Because
counts for the behavior of the freezing temperaflifep) of  of unavoidable random variations in cutting the paper plates
the hydrated bulk. The behavior of the quasi-2D lattice con4o size, and in their depth of immersion into the sample melt,
stant for different molar concentrations and temperatures wabe absolute values of the surface tension can be trusted only
investigated by grazing-incidence x-ray diffraction methodsto ~1 mN/m. However, the relative values within one scan
both in dry and hydrated samples. In two of the samples thehow a significantly smaller scatter, estimated to=b@05
temperature range of SF was large enough to permit the meaaN/m.

L§. Surface-tension measurements
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C. Surface x-ray measurements [ — 1 ;

C,,OH (9):C,,OH (1-¢)
The surface-specific x-ray measurements were carriec [ | WET
out at the Harvard/BNL liquid surface diffractometer at
beamline X22B, National Synchrotron Light Source,
Brookhaven National Laboratory, using x rays of wavelength | =}
1.57A%> The cell, its temperature control, the diffracto- & [
meter, and the measuring and data analysis procedures haZ 5 _
been previously describéd. The density profile of the sk
vapor—liquid interface was studied by x-ray reflectivity

(XR) and the surface-parallel structure by grazing incidence

44 -

diffraction”® (GID) and Bragg rod measuremehis® (BR) wl i
measurements. The expressions employed for the BR analy S e - : —

. . 0.04 006 008 0.1 0.2 04 0.6 08 1
sis of the bilayer structure were presented elsewhere. 0
D. Bulk calorimetry FIG. 1. The (temperature, concentratipnphase diagram of the

) ) ) ) C,40H:C;gOH hydrated mixturesTs was obtained from the ST measure-

The calorimeter was described in Ref. 21. Relative heainents and thd; was measured by bulk calorimetry. The freezing and the
capacities were measured by scanning the temperature atmglting bulk curves coincide, indicating an absence of supercooling for the
rate of~0.1 °C/min rate. The temperature was scanned kee vet samples. The lines are or_]ly a guide to the_ eye. _Several typical ST scans
. °C diff bet th | d th or the G gOH concentrations listed are shown in the inset. The curves end at
ing a constant-2 I erenge € Ween_ e_samp € an ©the bulk freezing temperaturg; . The SF existence rangeT=T;—T; is
controlled thermal bath. The inverse derivative of the sampl@bserved to be significantly greater for the mixtures, compared to the pure
temperature versus time is, then, proportional to the hegiamples. Since the measurement errors in the absolute surface tension values
capacity?7 No absolute calibration of the heat capacity was'e no better t_haﬁl mN/m, all curves were s_hlfted b_y small amounts to

. . . make them coincide &k to enhance presentation clarity.

done, since the purpose of our calorimetric measurements
was to obtain only the temperatures of the phase transitions.

These were indicated by peaks in tET(ampd dt) ! curve,  quartz capillaries, of 0.01 mm wall thickness. The tempera-
wheret denotes time. While for the pure alcohols the peaksure was scanned in steps of 1 °C, so that the accuracy of the

were very sharp, in some of the mixtures very small anchhase transition temperatures observed by the XD method is
broad melting peaks were observed. For an independent de-0.5°C. The samples’ temperature was controlled to

tection of the occurrence of phase transitions, a small coms=(.1°C at any given temperature.
bined infrared source/detector deviteas placed above the

sample. The sample was placed into a glass container, beloyy RESULTS AND DISCUSSION
which a small piece of black paper was placed. No signifi- .

cant changes in the operation of the calorimeter were ob”- Phase diagrams

served with and without the glass container and IR sensor. Typ|Ca| ST Scans,(T) for different molar concentrations
The IR radiation back-reflected into the detector was negliare shown in the inset to Fig. 1. The most outstanding feature
gible due to the strong absorption of the black paper, as longf these curves is the slope change, upon cooling, from a
as the interposed sample was liquid, and thus transpareriegative to a positive value as the surface-frozen layer is
Upon solidification into a white solid, the signal back- formed atT=T,. The surface tension is a direct measure of
reflected into the detector was strongly enhanced. Thughe surface excess entrop¥t since dy/dT=—(S,—S,),
whenever the melting peaks in thelTeampiddt) ~* curve  whereS, and S, are the entropies of the surface and of the
were not Shal’p and strong enOUgh to determine the tranSitiqﬁ”k, respective|y_ Foﬂ'>TS, the ||qu|d surface is less or-
temperature, the point at which the back-reflected intensityjered than the bulk, as for ordinary liquids, and the slope of
was abruptly reduced was designated as the melting temperg(T>T,) is negative. ForT<T, the surface phase is or-
ture. Hydration of the calorimetry samples was done by indered, while the bulk remains liquid. ThuS,<S, and the
serting a~0.5 cn? open Teflon trough filled with water in- slope ofy(T<Ty) is positive. The surface entropy loss upon
side the calorimeter's sample cell. In the temperature rangesr (per unit aref can be calculated aAS:d?’/dT|T<Ts

relevant for this study, the calorimetric signal from such a—dy/dT|T>T. The temperature range of existence of the

water container is constant, and thus had no influence on the _ : .

. " . sprface-frozen layedT=T,— T, is terminated at the bulk

measured relative heat capacities measured. Since the sample _. . :

o reezing temperatur&;. The scans shown in the inset were
cell is tightly closed, less than 0.5 g of water were enough tomeasured for thehydrated C,OH:CL,OH mixtures. ¢

establish a saturated water vapor atmosphere. The reflective Y 18 e :

infrared sensor was not used with the hydrated samples =N/(N+M), where N(M) is the number of moles of
y ples. C1g0H(C4,OH) in the mixture. Noting thep-trend of the

low termination point ofy(T) in the inset of Fig. 1AT is
clearly seen to be much greater for the mixtures than for the
Bulk diffraction experiments were carried out on a stan-pure alcohols. While the slope of(T) aboveTg stays con-
dard Huber two-circle diffractometer using ®y radiation  stant with ¢, the slope belowl's grows with ¢. This is not
and a Rigaku 18 kW rotating anode x-ray generatéf.The  surprising, considering that the entropy loss upon crystalliza-
powder samples were held in sealed standard 2 mm diantion of an alkyl chain is roughly proportional to the chain

E. Bulk x-ray diffraction
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FIG. 2. Same as Fig. 1, but for the dry mixtures. The bulk melting temperat g 3. x-ray bulk diffraction scans fop=0.49 for different temperatures

tures, T, (circles, are shown, since finite bulk melting/freezing hysteresis is 54 phasesa) Longitudinal (layer-normal scans (00). The 002 and 003

observed for the dry bulk samples. The significant nonlinearity of the graph eaks are shown. The mixed rotator-crysfj ¢ X) phase is easily distin-

on a logarithmic scale indicates a solid phase mixture behavior, rather thaBuished from the other two phases as it has four diffraction peaks corre-

an ideal solution one. The amount of bulk supercoolii@sc=Tm—Ts IS gponding to two different coexisting layer spacings. Notice that the rotator

shown in the |ns_et.'Wh|Ie fop<0.4 the m'elt'lng and the freezing temper_a— (Ry) peaks are significantly upshifted n for the R, + X mixed phase(b)

tures almost coincide, a large hysteresis is observed for samplesgwith Transversdin-plang scans. The orthorombic crystallii) phase is indi-

>0.4. cated by the two different in-plane peaks, degenerating into a single in-plane
peak for the hexagon&, phase.

lengtt¥* and thus the entropy loss is greater for a greater
fraction of the longer component. A more quantitative de-
scription of the behavior oA S(¢) is presented below. lamella consists of a bilayer of alcohol molecules. Fbr
Figure 1 shows the-variation of T, (upper ling andTy  =0.49 the XD patterns shown in Fig. 3 consist of several
(lower ling) of the hydrated C,gOH:C,;,OH mixtures. The peaks resulting from the lamellae-norn{@ngitudinal, de-
melting curve,T(¢), coincides withT¢(¢) due to the ab- notedq, ) order at small momentum transfgrvalues, and
sence of kinetic barriers for solid nucleation in the bulk of peaks resulting from the lamellae-paralehnsverseg;) or-
hydrated GgOH:C,,OH mixtures. A similar behavior is ob- der at largerqg values. Three different ordered phases were
tained for theT (upper ling andT; (lower ling) lines of the  found for this ¢, distinguished by their longitudinal and
dry mixtures in Fig. 2. Here, however, a distinct melting transverse patterns. The first is a rotaRy phase?® This
curve, T\(¢), is observed above th&(¢) line indicating  phase consists of ABC stacked bilayers, with molecules
that in the absence of water molecules in the samples, a finitgligned along the layer-normal and hexagonally packed in-
supercooling of the bulk liquid becomes possible, i.e., a kiplane. The molecular centers of mass have long range in-
netic barrier to bulk crystallization is established. Theplane positional order but the rotations of the molecular
Tmsi(¢) curves, shown on a semilogarithmic scale, areplanes about the long axis of the molecules are not corre-
clearly nonlinear, indicating that the ideal solution theory islated, hence the name rotator. The hexagonal packing is re-
not applicable in this case:** While for the Gg C,4 alkane  flected in the single transverse peak in Figh)3Figure 3a)
mixtures, one might expect a phase separation to occur in thghows two orders, 002 and 003, of the longitudinal peaks. At
solid state}’ the hydrogen bonds cause the components ilow temperatures a crystalline phase appears, denoted here as
our system to mix well both in the liquid and in the solid X, where long-range order is also established in the rotational
phases, despite the chain length mismatch, thus causing teeder of the molecular planes. This has an orthorhombic
nonlinearity observed. Th¢-variation of the bulk supercool- structure, distinguished by two transverse pdakg. 3(b)].
ing, 6Tsc=Tm—Ts, is shown in the inset of Fig. 2. Two A two-phase rotatcr crystal regime denote®, + X is ob-
regimes are observed in the supercooling, with a sharp trarserved at intermediate temperatures. Its diffraction pattern
sition between the two at~0.4; for $<<0.4 very small bulk  consists of the sum of the individuxl and R, patterns, as
hysteresis is observed, while fgr>0.4 bulk supercoolings shown in the center lines in Fig. 3. Fgr=0.125 only theR,
of more than 3°C are measured. The structural analysis aind X phases are found, but not the two-phase state.
the bulk, presented below, shows the microscopic origins of  The longitudinal¢=0.49 patterns in Fig.(@) show that
both the supercooling and the nonsupercooling regimes ithe rotator peaks in thR,+ X mixed two-phase region are
our systems. shifted to a significantly higheq, than the rotator peaks in
the pureR; phase. Since for the bulk bilayer spacind,X
we haved,=m* (27/q), wherem= 3 for the 003 peaks, the
To elucidate the apparent transition from strong ( upshift ing, means that the thickness of the rotator bilayer,
>0.4) to weak (»<0.4) supercooling ap~0.4 in dry mix-  which is 46.9 A in the pureR, phase, is reduced by the
tures from a microscopic point of view, bulk XD experiments presence of the crystal phase to a thickness of only 43.1 A.
were performed below#=0.125) and abovef=0.49) the  This reduction is due to the fact that the compositions of the
transition. Alcohols form lamellar crystals, where eachtwo phases in the two-phase regime are different from the

B. Bulk structure
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(a) . (b) TABLE I. Thermodynamical data obtained by ST and Cal measurements for
L A different GgOH:C,4,OH mixtures.¢ is the bulk mole fraction of GOH, T,
L 468 L andT; are the surface and the bulk freezing temperatures, respectively, and
4420 X4L 44.2¢ T, is the bulk melting temperaturdS is the entropy change upon surface
. —RH | 38.50 Ry freezing, as obtained from the slopes of #4T) curve above and below
330 y— Ts-
X+ R X+Ry - .
It Dry mixtures Hydrated mixtures

. 45 Ts Tm Tf ASDRY Ts Tf As\NET
FIG. 4. Schematics of the bulk phase sequence vs temperature as detectgid|e fraction ¢C) (°C) (°C) [MIM?K)] (°C) (°C) [mMImM?K)]
by the XD experiments foip=0.49. The accuracy of all temperatures is

+0.5 °C. (a) The sample is cooled down below the temperature of crystal 1 58.8 579 574 2.07 62 60.3 1.9
(X) nucleation(33 °Q). The final melting of such sample, when heated, 0.88 56.2 2.09 59.4 57.4 1.89
occurs only at 46.8 °C(b) The sample is cooled down to the rotatd, 0.76 53.9 2.09 57.3 55 1.86
phase only. Heating of such a sample leads to melting already at 44.2°C. (.64 51.7 51.1 485 2.04 549 52.3 1.87
Notice that the rotator phase melts at 38.5 °C in the presence of the crystal (.54 48.8 47.4 455 2.01 52.1 49.4 1.79
phase(a), while the pure rotatotb) melts only at 44.2 °C. 0.49 46.1 43.3

0.44 46.2 451 414 1.89 49.6 46.7 1.79
0.34 42.8 39.1 38.6 1.88 46.2 43.1 1.77

. " N . 0.25 40.4 358 357 1.81 436 41 1.62
average, nominal composition. Tl phase in this regime 0.23 356 35
contains an above-nominal fraction of JOH molecules, 0.16 39 342 336 1.67 426 389 1.48
which reduces the bilayer’s thickness and, as we discuss be- 0.12 38.3 33.6 328 1.59 423 38.7 1.44
low, also its melting temperature relative to those of the pure  0.08 383 346 33 151 419 388 1.39

0.04 37.9 359 34.9 1.49 41.3 38.7 1.35

R, phase. A careful comparison of the middle and lower 375 365 411 394 13

curves in Fig. 8a) reveals a small shift of th¥ phase peaks
in the mixed regime to a highey, as compared to those of
the pureX phase. This, in turn, indicates that the bilayer in
the X phase of the two-phase regime is thinner than the bi- The ¢=0.125 mixture presents a simpler sequence. An
layer in the pureX phase. The difference originates, again, inR,, phase is nucleated af;=33.1+0.5°C. This rotator
the admixture of G,OH molecules in theX phase in this phase convertgin <24 h at room temperature to aX
regime, which reduces the concentration-averaged molecul@hase. This is an example of a transient rotator phase in-
length. The fact that the reduction of tilephase’s average duced nucleation with subsequent conversion to the crystal
length is smaller than that occurring in tRg phase in this phase, as seen in alkane melts and solutibr@n heating
regime indicates that the;@H concentration is consider- from this X phase, melting occurs close to the freezing from
ably higher in theR,, phase than in th& phase in this re- the liquid to the rotator, i.e.T,,=33.1+0.5°C. The more
gime. From the transverse peak position in Fign)3he area  accurate calorimetry measurements reveal a supercooling of
per molecule in the purR, phase is 19.70.2 A2 and inthe ~ ~0.8 °C for this mixture, as listed in Table I.
crystalline phase is only 18#0.2 A2, A similar increase of In conclusion, the XD results show th¢-dependent
the molecular area in the rotator phase was observed earligiends in the supercoolingTgc of the dry GgOH:C,,OH
and was assigned to the proliferation of gauche conformamixture, observed in Fig. 2, to originate not in a conventional
tions at the chain ends in the rotator ph&s& Note that the supercooling scheme such as found previously for alkane
length increase of the pun¢ phase relative to the pui, melts! and solutiong? but rather in a complicated interplay
phase does not compensate for the molecular area reductidsetween four different bulk regimes: a rotator, a crystal, their
so that the molecular volume in the pufghase is about 5% mixture, and a liquid, and their temperature ranges of stabil-
smaller than that in the puie, phase. ity.

The phase sequence observed with variation of the tem-
perature for thep=0.49 mixture is schematized in Fig. 4. C. Surface structure
Cooling from the melt, arR,, rotator phase was found to
exist below the liquid phasg.), with a freezing transition at
44.2 °C. Upon further cooling a segregation occurs at 33°C  The surface-normal structure was studied by XR
to a two-phase region with a rotatBy, and an orthorhombic measurements. Figure 5 shows the XR cur¢gsints for
crystal(X) phases, as shown schematically in Fig@)4Upon  different compositions of gOH:C,,OH, the theoretical fits
heating up from this two phad®, + X regime, a transition to (see beloyw are shown in lines, and the corresponding
anX+ L phase occurs at 38.5 °C, with tigphase remaining surface-normal density profiles are given in the inset. Here
stable up to 46.8 °C, i.e+2.6 °C above the liquid-to-rotator q,=(4m/\)sine, is the momentum transfer perpendicular to
freezing temperatur@;. While the segregated+L has a the surface, where is the incidence angle relative to the
lower free energy at that temperature, the mixed metastabkurface and is the wavelength of the x rays. For each con-
rotator phase with a low nucleation barrier is stable withcentration, the reflectivity is shown aboig(¢) (when the
respect to the liquid. Finally, as shown in Figb{l heating surface layer is liquid and in the surface-frozen regime.
up from theR,, phase leads to a meltingR((—L) transition  Typically for liquid surface€®?®the curves measured above
at T=T;=44.2°C, i.e., no supercooling is observeilisc T (¢) decrease monotonically with,. As can be seen by
=0. the fitted lines, they are well described by

1. Surface-normal structure: Dry samples
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FIG. 5. Measuredpointy x-ray reflectivities for dry samples of the con-
centrations indicated in their liquid surface ph&s®notonically decreasing
curves and in the surface crystalline bilayer phdsedulated curves The
solid lines are fits using the model density profile for the surface crystalline™!G. 6. (8) Thickness of the alkyl slab of the surface frozen layer, as derived
bilayer discussed in the text. The surface-normal electron density profile§om the measured reflectivity fits of drgopen circles and wet (solid
corresponding to the fits, for the crystalliteolid) and liquid (dash surface ~ squares C,;g0H:C,,OH mixtures. The theoretical thickness calculated from
phases are shown in the inset. Reflectivity and density curves are shifted féhe fits to phase diagran(&ig. 10 of the wet and the dry mixtures are
clarity. indistinguishable on the scale of the figure, and are shown by the single line.
(b) The entropy loss upon surface freezing obtained from the ST measure-
ments(pointy. The wetAS values(solid squaresare lower than the dry
2 ones(open circleg due to remnant ordering in the liquid phase. The theo-
q,— \/qg— qg » o retical AS calculated from the fits to phase diagrams are shown in a solid
— exp —qso ), 1 line for the dry mixtures and by a dashed line for the hydrated ones.
9+ Vaz—dc

where q. is the surface-normal momentum transfer at the

critical angle for total reflectiong.. The fraction appearing the OH groups slab(3) at the layer-liquid bulk interface. In

in this expression is the well-known Fresnel reflectivity, the inset, the dashed line$% T,) represent a simple, con-
Re(g,), and the exponential factor arises from the Gaussiantinuous liquid—vapor interface, broadened by capillary wave
distributed surface roughness.?®?® This roughness is roughness. The solid line§{<T<T,) demonstrate the ex-
mainly due to thermally excited capillary wav&sBelow istence of a high-density region above the liquid bulk phase.
T, Kiessig-type fringes are observed in the reflectivity = The thicknessl of the alkyl slabg box(1)=box(3)], as
curve, indicating the appearance of a surface layer of a dersbtained from the fit for the differens, is shown in Fig. €a)

sity different from that of the bulk. The period of the fringes (open circles A clear growth with increasing is observed

is indicative of the layer’'s thickness, and the fringein this quantity, as a larger fraction of the long chains is
contrast—of the difference in electron density between théncorporated into the surface frozen layer. Althowbas de-
bulk and the surface layer. The reflectivities in the surfaceaived from XR is not sensitive to small molecular tilts, the
crystalline phase are analyzed quantitatively using a layerelhyer thicknesses obtained indicate that the molecules are
interface(“box” ) model. This model consists of four slabs: untilted with respect to the surface normal, as expected for
(1) the (CH,),_, chain of the upper laye(2) the OH head these lown molecules A good quantitative description,
groups region;(3) the (CH,),,_; chain of the lower layer shown by a line, of the variation afwith ¢ is obtained from
[same as boxl)]; and(4) the innermost Ckliterminal group. the thermodynamical theory presented below. Since the OH
An additional box represents the liquid subphase. This is thand the CH slabs’ thicknesses do not change with the
same model that was successfully used previously to modelverall thickness of the layer also grows, as is seen in the
the surface frozen layer of pure alcohofsThree different inset to Fig. 5. The measurements clearly show that at
roughness parameters were assunigdat the vapor inter- ¢=0.04 the thickness of the surface frozen layer is equal to
face and above the GHyroups slab{2) at the interfaces of C;,OH bulk rotator bilayer thickness. This means that in

R(q,)=
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FIG. 7. Surface roughness(¢) values for(a) dry and (b) wet mixtures 100 small for unambiguously differentiating between these

derived from fits to the measured reflectivity. The slight increasewith ¢ two functional forms, even itr can be assumed to be inde-

is due to the corresponding increase in the temperature. The lines are fits fﬁ’endent 0f¢ and dependent onIy OR As one can see from

standard capillary-wave theo(golid line) and the entropic theory of surface L

freezing of Tkachenko and RabiRefs. 7, 8 (dashed ling In (a) the best fit € Plot, the CWT(solid line) and TR(dashed models pre-

to aT® form is also showr{dashed—dotted lineThis fit yieldsb~2.28. dictions are both inside the error bars, while a phenomeno-
logical power law fit yields aT??® dependencddashed—
dotted, which does not correspond to either of the existing

theories.
the presence of a small,§OH fraction in the bulk phase, the

C.14,0OH molecules tend to exhibit a SF effect, in contrast with
pure G4OH, which does not exhibit SFThe density of the 2 Surface-normal structure: Wet samples
surface frozen (Ck),_; chains is obtained from the fit as Figure 8 shows the measurégboints and fitted(lines
0.304+0.006e/A 3, equal, within the combined experimen- XR of the wet mixtures, with the corresponding density pro-
tal error, to the value obtained for pure alcohtfgnd some- files shown in the inset. The general behavior is similar to
what lower than the 0.32%/A® obtained for the pure that observed for the dry samplébove. At T>T, a usual
alkanes!! The density of the alkyl chains in the surface liquid—vapor interface behavior is observed, showing a
frozen solid, as derived from the XR measurements, is highemonotonic decrease in the reflectivity. The surface frozen
by ~13% than the density of the bulk liquid, and is equal tosamples T<Ts) show Kiessig fringes in th&(q,) curves.
that of the bulk rotator phaseindicating a full coverage of The alkyl group lengths derived from the fit§Fig. 6(a)] are
the liquid surface by the bilayer. The thicknesses of the OHequal, to within their error bars, to those obtained for the dry
and CH slabs were set to 2.5 A and 2.3 A, respectively,samples. Asd is a weighted average of the alkyl group
which are the values obtained for the pure matefials. lengths of the two components, the equality of the derided
The roughnesss(T) at the bilayer-vapor interface is values in the wet and dry cases indicates that hydration does
plotted in Fig. 7a). The variation of this quantity withl  not significantly influence the composition of the surface bi-
(through the variation of) is, in principle, of great impor- layer. The main difference between the profiles obtained in
tance, since one of the measurable predictions of thé¢he fits here and the ones obtained for the dry samples is that
Tkachenko—RabiTR) theoretical modél® for the forma-  here the thickness of the OH-groups slab had to be increased
tion of the SF effect is an anomalous(T)~T, functional by almos 3 A to obtain a good fit. This change is assigned to
dependence rather than the convention@l) ~T*2 depen- the intercalation of water molecules in the middle of the
dence, predicted by capillary wave thed@WT). As Fig.  bilayer, as observed previously for hydrated pure
7(a) shows, the temperature range of the effect in our case iglcohols>® The density of the surface frozen (§H-
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chains is found to be here 0.310.006e/A3, equal, within

T T T
the combined experimental error, to the value obtained for E 1.0 43(;9 40.5°C 3A70C 4
the dry mixture. The OH slab’s density is 0:85.01e/A3 2 1 FAR
also equal, within the combined errors, to that of the dry E 0.8 | “3,\ -
sample, 0.380.02e/A3. The bulk-bilayer interface rough- e i
ness stays constant at 2.5 A and the OH-slab roughness o 06 ;é * T
stays constant at 4410.5 A for all T and ¢. The bilayer— ~I g i /) T
vapor interface roughness, is shown in Fig. ). As for 2 04 1= u," "t\] T
dry samples, th&-range spanned by thgrange is too small = ool ; 1
to allow a meaningful distinction between the TRashed g l g Q\\
and the CWT(solid line) predictions. Z 00k gecenrfs o “toagos Nma
1.48 1.49 q (A 1) 1.50 1.51

3. Surface-parallel structure a8 T E T o76 o5 o5 0T oy |

To probe the structure within the surface plane, grazing 4% [ (b) l_” e —— I/

incidence diffraction measurements were carried out. The in-  4.94
plane full width at half maximum resolution of these mea- 4.92
surements, achieved by using Soller collimators, \\ag o< 4.90
~6x10 3 A1 except for the pure GQOH where a coarser g
resolution of Aq;~3x10 2 A~! was employed. Typical 488
GID scans for¢=0.16 at different temperatures are shown 4386
in Fig. 9a), using triangles for the dry mixtures and squares 4.84
for the wet ones. For all samples, a single in-plane peak was 480 2
observed at;,~1.46—1.5 A1, indicating a hexagonal pack- -
ing within the surface plane, as found for pure alcotiulgh T4(%C)

the possible exception of ,gOH),® alkane$ of lengthsn

<30 and alkane solutior’s.The peak position corresponds i, g. (8) Measured GID peaképoints of the surface-frozen bilayer at
to a nearest-neighbor chain separation in the surface plane @f0.16, and fits by a single Lorentzidlines). The shift in position with
a=2mi{1cos(30°} =485 A for our case of hexagonal nisus s sl Wsshed e ot pennges wos e o
packing. Figure @) displays j[he Va!ues & fc_)r different The niarest[-)ne’ighbor chain separat?on in the surface ;:aderived from
temperatures and concentrations with dry mixtures denote@le GID measurements for the various dopen and wet(solid) mixtures

by open symbols, the wet mixtures by solid ones. While forand temperatures. In dry;@H there is no SF, thus the open diamonds are
the pure materials a significant increasearis observed used for the dry¢=0.04 mixture, while the solid diamond denotes the

- e : - ., hydrated pure $=0) C,;,OH, which does exhibit SF. The pure hydrated
upon hydratlor?’ the nearest nelghbor separation in the mix materials exhibit considerably larger lattice constant than all other samples,

tures is only slightly dependent on hydration, if at all, aSshowing that the intercalation of the water molecules into the pure material
observed in Fig. @). A similar very weak dependence of the lattice causes significant strains, while in the mixed lattice the voids are big

lattice spacing on hydration was found for both pure anoenc_)ugh to allow for water incorporation without causing changes in the
mixed bulk alcohol sample. The effect observed here is. (3% consent For 0.0 sampleation oy and watie tree
probably due to the amount of voids in the ordered differenteficients of @a/dT)/a=(1.02:0.05)x103°C"1 and (1.16-0.17)
lengths chains, which is large enough to accommodate the1073°C* for the dry and the wet mixture, respectively.

H,O molecules without distorting the lattice structure. For

¢=0.16 the temperature existence range of SF was large

enough(~4 °C) to permit for linear thermal expansion coef- (¢,T)=(0.16,34.5°C) to 214 A for  wet
ficient[ (da/dT)/a] to be measured. The values obtained arg(¢,T)=(0,41.3 °C). The resultant electron density of the
(1.02+0.05)x10 3°C ! and (1.16-0.17)x10 3°C 1 for  alkyl chain, having 8 electrons per GHjroup and a pro-
the dry and the wet SF bilayers, respectively. These valuegcted length of 1.27 A along the molecular axis, can be
are somewhat greater than the#{8.5)x10 4°C™1, ob- estimated directly as 8/(20.¥61.27)=0.312e/A% and
tained previously for the dry and hydrat&j bulk phase in  8/(21.4x1.27)=0.294e/A® for the two extreme areas.
pure and mixed alcohol€,and the (6.5 0.5)x10 4°C™!  Since the reflectivity(XR) experiments probe the macro-
measured for a surface-frozensGnonolayer of a g;:C;,  scopic x-ray illuminated area, while the GID probes only the
solution!! A similar (9+0.5)x10 %°C™* was also found ordered regions, the fact that the GID values are even lower
for the surface frozen layer of a puredalkane® Our val-  than those obtained from the XR strongly supports the con-
ues are also close to the1.15x10 3°C ! of the R, bulk  clusion that the surface is fully covered by the ordered bi-
phase in pure alkan&sbut are significantly higher than the layer. A complete coverage of the surface by the surface
~2.6x10 *°C! obtained for the bulk herringbone ortho- layer was also found for the pure alkafesd alcohols,

| SO T T |

rhombic crystalline phase in alkan€s. while in some of the alkanes’ solutions an incomplete cover-
The area per molecule in the frozen surface layer isage was observeld.The widths of the GID peaks were reso-
obtained from the x-ray measurements/fas 87r2/(\f3qf), lution limited, implying in-plane coherence lengths of sev-

which, for our data, varies from 20.2 ?Afor dry eral thousands A. While the sharp x-ray peaks clearly prove
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the existence of quasi-2D order in the surface frozen bilayer, r " ' " T " T ' T T A
our finite resolution does not allow for a detailed line shape L | « T wet -
analysis, which could distinguish the manner whereby the A N waet 1 ]
in-plane correlations decay with distance. ssl | o T.dry II/-
The Bragg rodBR) scans for several dry and wet com- | z ]
positions were also analyzed. In all cases a bilayer of untitled
molecules was found, corresponding to By hexagonal

quasi-2D phase, similar to those found for pure alcchofs
lengthsn=<22 and alkanésof lengthsn=30.

O

T
{

45 - =

TR
,E"i' % ‘_I
40 & - .

D. Theoretical analysis e

To account for thep dependence of g in the dry mix-

tures, we invoke the general thermodynamics of binary 00 02 o0s . o5 o8 10

mixtures®3*using the properties of the pure components. A )

somewhat similar approach was used previously far C,,
alkane solutiong?! FIG. 10. The theoretical fitglines) to the dry (solid) and wet(dashed

Lo | . surface phase diagram, and to the wet bulk phase diagtasihed—dotted
In the liquid phase, the free enery for a mixture ofN S-regular mixture theory is used. The measufe@ndT; data(points are

moles of GgOH and M moles of G,OH can be written g taken from ST measurements. The dry surface phase diagram was down-
a518'31'35*36 shifted for clarity by 2 °C.

F'=Nfl g+ Mfl,+kgT[NIN(p)+M In(1—¢)]. 2

Herefl=¢—TS, wherei=18 or 14 is the free energy Yyielding the highesT(¢) is the physical one. The value of
of a C,gOH or C,OH molecule in a melt of the pure mate- o is chosen to make the calculatéd(¢) values fit the ac-
rial, S is its entropy, ande; is its internal energy.¢  tual values measured by ST, as shown in Fig. 10. Ci¢g
=N/(N+ M) is the mole fraction of GOH in the bulk lig- is obtained, one can go back to the free energy expression
uid. The mole fraction at the surface?, is, in general, not Eg. (2) and evaluate the entropy loss upon surface freezing
equal to the bulk fractionp and is determined through the of the mixture. While this theoretical approach is, clearly, an
simplest form of the well-known Gibbs adsorption rifdn  oversimplification of the problem, it describes well the be-
the liquid phase, the two components are assumed to form dravior of the experimentally measured thermodynamical
ideal mixture, since the chain length mismatch is unimpor-quantities. The microscopic theories of SF in pure materials
tant in the presence of a large amount of gauche kinks.  do not contradict the analysis presented here, since recent

The free energy expression of the solid phase is the sam@ixture theory is based on the pure materials’ properties,
as Eq.(2), with two obvious changes. The first change is thatthus taking into account all possible microscopical causes for
the interchange energy tefh®” must now be included since the existence of SF(be they anomalous solid-phase
with the chains becoming extended the chain length misfluctuations!®°wetting effect8 or other phenomenaip to
match energy becomes significant. In the zeroth approximalirst order in .
tion, this extensive nearest-neighbor interchange energy term For hydrated mixtures, exactly the same system of equa-
is (NS+M3)x(1—x) w, whereNs (M) are number of moles tions is used, but now the temperatures and the entropies of
of C,g0H (C,4,0H) in the surface-frozen solid phase, and SF of hydratedpure GgOH and G4OH should be used for
=NS/(NS+M5) is the mole fraction of GOH in the solid  Ts1s, Ts14» AS;g, andAS,,. One can easily shoW, that
surface.w is the interchange energy per single molecule. It isthis is equivalent to a linear approximation of the water frac-
defined® such that if we have two crystals of the pure com-tion behavior versusgp. The bulk freezing in hydrated mix-
ponents, A and B, exchanging an interior A molecule with antures is also described by the same theory, but now the nomi-
interior B molecule will increase the total energy by.Zrhe  nal ¢ should be used insteagf and thehydratedC,3OH and
second change is the obvious replacemeny aify x. C,40H bulk freezing temperaturd; ;5 and T¢ 14 should be

Differentiating the free energies to obtain the chemicalused instead o ;5 and T 14.
potentials and using some basic thermodynamics, one gets Since no accurate absolute ST values could be obtained
for the surface a system of two nonlinear equatiths, with our equipment, we used for the calculation ¢t of

T4 161 Sia— (1 X)2 both the dry and wet samples literature values of the ST

T )= . measured for dry samplé8Also, sinceAS;s andAS,, val-
ASgt kg In(x/ ¢°) ues normalized to a single moleculnd not to the molecu-
2 (3)  lar ared) were required, published calorimetric values for
TS’14AS]_4 wX

T )= , the dry bulk'” were used for all the fits herein.

ASiatkg IN[(1=x)/(1-¢%)] The fits to the dry(solid line) and hydrateddashed ling
which can be solved numerically for the molar fraction in thetemperatures of surface freezing for the different fractions of
solid surface phase(¢) and forT¢(¢), if wis known. Here C;gOH (¢), are shown in Fig. 10, along with the fit to the
Ts18 (Ts10) andAS;g (AS,,) denote theT, and theAS of  hydrated bulk freezing temperatur@ashed—dotted lineTo
pure GgOH (C,4,OH), which are measured directly. In the obtain theTg(¢) andT;(¢) fits shown in the figure, Eq$3)
case where several solutions are obtainedx{aeb), the one  were solved numerically to yieldls andx for each¢ value,
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while only one fitting parametety, was used for each of the TABLE Il. Grazing incidence x-ray diffraction results from measurements
graphs shown. One can see, that despite the clear oversirt? the surface frozen bilayer for variousgOH concentrationg¢) and

g . . . . temperaturegT). g, is the position of the single GID peak observed, and
plifications in our model, a good agreement is achieved be; P €D & P 9 ’

. . ” a=2m/[q, cos(30°) is the corresponding in-plane intermolecular distance.
tween this model and the experimental data. An interchange
energy ofw~1.9 kJ/mol was obtained from the fit for the Dry mixtures Hydrated mixtures
surface of both the dry and the wet mixtures amd & T a a T a a
~2.7 kJ/mol was obtained for the wet bulk. These results aremole fraction  (°C) (A1 A cC) (A A)

of the same order of magnitude as predicted by Math&son

57.1 1.505 4.82 61.4 1.476 4.917

for bulk_ mlxtu_res of G4:Cig alkanes_ However, an exact 0.76 50 1501 4831 57 1495 4854

comparison with Matheson’s thedfyis not possible here, 0.54 47 15 4836 52 1.493  4.859

since the surface-normal thermal expansion coefficient 0.16 37 15 4837 43 1.492  4.862

needed therein is not known for the surface frozen layer, and 36 1501 4832 418 1494  4.855

the wet bulk bilayer spacing behavior is much more compli- 845 1504 4825 405 1496  4.848
i . . . 0.04 352 1497  4.846

cated, demonstrating a negative expansion coeffi¢leNbt 0 13 146 4,968

surprisingly, the interchange energyr, in other words, the
energetic cost of chain mismajcis smaller by~30% at the
surface, compared to the bulk, as no restrictions by neighbor
bilayers are imposed at the vapor interface. X(¢) values
obtained from the fit in Fig. 10, were used to check also th
correspondence of our theory with the behaviod($), as
obtained from the XR fits, and shown in Fig. 6 above. The
theoretical line, calculated ad=1.318x+14(1-x)] is

close to those obtained for the bulk rotator phases. The hy-
Qration does not influence the relative concentrations of
C.1,OH and GgOH in the surface frozen phase, but interca-
lation of water molecules in the middle of the bilayer in-

h i Fi | ith the XR fi oo Th creases the overall thickness of the bilayer. Also, the entropy
shown in Fig. &), along with the it resultgpoints. The loss upon SF in the hydrated mixtures is smaller than those

line passes in§ide the error .bar of all XR-derived points. Thig.¢ .\ dry ones, possibly due to finite ordering in the liquid
agreement_, without any adJustabIe_ param«_ete_rs st_rongly S'“"E)hase, induced by the hydrogen bonds formed between the
ports our simple model. The behaviordf) is identical for molecules. The temperatures of surface and bulk transitions

the dry and hydrated samples on our scale, so that only oNe shifted u ; .
L . p by hydration, since the hydrogen bonds
line is shown for dry and hydrated(¢#). The same is true formed in the rotator phase stabilize it with respect to the

for the XR-derivedd(¢), where the alkyl block thicknesses liquid. Hydration also enhances the bilayer’s stability, as

were shc;wn abcf)vettho b de equ(:lnttr?ln thf combllnedAmet:;l]- manifested in the larger temperature range of existence of the
surement erropsfor the dry an € wet samples. Anoiner g phase in hydrated samples relative to those of the dry

check on our theoretical model is done by comparing theones. In the bulk phase, hydration reduces the kinetic barriers

for nucleation of the rotator phase from the liquid. By con-
FI?P/a:st, the phase diagram of the dry bulk is determined to a
r]ﬁ'igh degree by the kinetics of the various transitions, thus
hl?eing difficult to describe quantitatively in terms of equilib-
o ) rium thermodynamics and statistical mechanics. However,
are shown in Fig. @) along with the measurei(¢) val- the surface phase diagram of both wet and dry samples and

ues (points. The ove_raII agreement_ betwgen th? N0-the phase diagram of the wet bulk are shown to follow an
adjustable-parameter lines and experiment is, again, very. :

good for both wet and dry mixtures, except for some smallth

deviations nea~0.4. We conclude therefore that the the- employ the zeroth order approximation in s-regular mixtures

oretical model presented here accounts well for the observqheoryls The complicated interactions between the OH

tions_ both at th? gurface and the wet bulk, in spite of itSgroups are therefore only slightly modified in a mixture com-
admittedly simplistic approach.

prising molecules of different chain lengths, as compared to
those in the pure materials. This, in turn, allowed us to con-
V. CONCLUSIONS struct a simple theory, based only on the pure materials
We presented here x-ray and surface tension studies @foperties. The interchange energy in both dry and wet
surface freezing, as well as bulk phase diagram measursurface-frozen bilayer is smaller by30% than the inter-
ments by calorimetry and x-ray bulk diffraction, in dry and change energy in the hydrated solid bulk, indicating a sig-
hydrated G,OH: C;gOH mixtures. Several important thermo- nificant decrease in the interlamellar interactions in the sur-
dynamical quantities derived from the measurements aréace layer as compared to those in the bulk phases. This
listed in Table | for the various concentrations and temperareduced sensitivity to chain lengths mismatches is of the
tures studied. Table Il provides the structural quantities desame origin as the increase in long-axis fluctuations at the
rived from the GID measurements for the surface-frozen laysurface, proposed by THRefs. 7 and 8as the microscopic
ers. The surface layer is found to consist of a mixture of theeason for the surface freezing effect in pure alkanes. While
two components, despite the differences in their chairC,;,OH:C;gOH was chosera priori to provide a baseline,
lengths. The in-plane structure of the surface layer is founde., a kind of “standard” for the behavior of alcohol mix-
to be hexagonal, with its linear expansion coefficient beingures, further studies on the surface and bulk properties of

loss upon surface freezing was calculated from the free e
ergy expressions of the solid and the liquid phases, using t
X(¢) values obtained from th&,(¢) fit. The results(lines

e different molecules can be considered weak enough to
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E. A. GuggenheimMixtures (Oxford University Press, Oxford, 1952
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terms of the zeroth approximation in s-regular mixtures Hildebrand, J. Am. Chem. So61, 66 (1929.
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